Cavendish-HEP-96/15 
DFTT 49/96 
November 1996 



e+e H^H signals at LEP2 energies 
in the Minimal Supersymmetric Standard Model 



Stefano Moretti"'^ and Kosuke Odagiri" 

a) Cavendish Laboratory, University of Cambridge, 
Madingley Road, Cambridge CBS OHE, UK. 

b) Dipartimento di Fisica Teorica, Universitd di Torino, 
and I.N.F.N., Sezione di Torino, 
Via Pietro Ciuria 1, 10125 Torino, Italy. 



Abstract 

In this paper we compare H^H^ and W~^W~ into four-fermion production at centre- 
of-mass energies typical of LEP2 and somewhat larger. The theoretical framework 
considered is the Minimal Supersymmetric Standard Model. The interest in exploiting 
the e~^e~ CERN collider at values of ^/s greater than 192 GeV could come from the 
discovery of Supersymmetric signals during runs at lower energy. If these indicate 
that a charged Higgs boson exists in the mass range Mh ~ 95 — 105 GeV, then a 
few years of running at y/s = 205 — 215 GeV and nominal luminosity could make the 
detection of such scalars feasible, in the purely leptonic channel tVt-tVt and, for small 
tan/3's, also in the semi-hadronic (leptonic) one jjrz^r- Charged Higgs bosons of the 
above nature cannot be produced by the beam energies approved at present for LEP2. 
However, if runs beyond the so-called '192 GeV cryogenic limit' will be approved by 
the CERN Council, our selection procedure will enable us to establish the presence, 
or otherwise, of charged Higgs bosons in the mentioned mass range. 
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1. Introduction 



The LEP2 collider [jT| has already started operations. Event samples have been collected so 
far at ^/s ~ 130 and 161 GeV as well as at ^/s ~ 172 GeV. Further runs are scheduled at 
192 GeV. Although not yet approved, the value i/i = 205 GeV has also been considered in 
the context of the 1995 LEP2 Workshop [|l|. From the results reported so far by the LEP 
Collaborations, it can be inferred that at present, contrary to the first excitement (which 
led many to believe in the evidence of some physics in the Supersymmetric sector), the 
data from the runs above the Z peak are in fair agreement with the Standard Model {SAi) 
expectations [@][|. 

However, it is one of the primary goals of the LEP2 CERN collider to possibly bring 
some new insight to clarify whether already at its energy scale physics beyond the SA4 ex- 
ists or not, particularly in the Higgs sector of the electroweak (EW) interactions @]. In this 
respect, one of the most appealing theoretical framework is the Minimal Supersymmetric 
Standard Model (J^SSAi). In fact, being a Supersymmetric (SUSY) theory, it provides 
a solution to the hierarchy problem via the cancellations of the infinities arising in the 
SAi when computing quartic corrections to the Higgs mass and, at the same time, these 
can be kept under control if SUSY breaking occurs sufficiently near the electroweak scale 

— 1/2 

Gp . Moreover, if it does so and if it is combined with Grand Unification Theories, the 
A^iSiSA^ predicts a value for the Weinberg angle 9w in good agreement with the measured 
one and a value for the Grand Unification Mass that can explain the non-observed proton 
decay [§. It also supplies a natural candidate for the dark matter in terms of the Light- 
est Supersymmetric Particle (CSV), which is stable, neutral and weakly interacting (the 
neutralino) . 

The structure of the Higgs sector of the AiSSAi is determined at tree-level by only two 
parameters^: for example. Ma (the mass of the pseudoscalar Higgs) and tan/5 (the ratio 
between the vacuum expectation values associated with the two Higgs doublets, one giving 
masses to the up-type and the other to the down-type fermions). Thus, such a model is also 
rather predictive, not much less than the SAi, for which one parameter (the Higgs mass 
M(f,) is needed to describe its phenomenology. Other than the pseudoscalar neutral Higgs 
A, the AiSSAi Higgs spectrum involves other four scalars: the CP-even neutral H and h, 
and the two charged H'^^s. 

The search for Higgs bosons of the AiSSAi at LEP2 will be based mainly on the Higgs- 
strahlung process e'^e~ —>■ Zh and on the associated production e~^e~ —>■ Ah These 

-'^ Although it should be mentioned that the ALEPH Collaboration still claims to see in its data a rather 
significant excess of four-jet events in the sum of the di-jet masses at « 105 GeV, at all LEP2 energies 
considered so far In contrast, the other Collaborations have never established the presence of similar 
effects. 

^At one-loop also the top mass and the squark masses are needed. For these, we assume throughout the 
paper: mt = 175 GeV and = 1 TeV. 



two mechanisms are somehow complementary. In fact, for small values of tan/3 the first 
process dominates, whereas at large tan /3's the second reaction becomes quantitatively more 
important |^ (provided it is kinematically allowed). Typical cross sections are of the order 
of one picobarn or so. The dominant decay modes of both the h and A scalars are into bb 
and r+r^ pairs^ [^]. Concerning the heavy neutral Higgs H, it should be noted that its 
mass (being much larger than the Z mass) implies that the chances for H production are 
confined to a tiny corner of the {Ma, tan (3) parameter space (i.e., very small Ma and tan (3), 
where the cross section is very small and also P-wave suppressed at threshold [Q. 

The situation for the charged Higgs is apparently even less optimistic and extremely 
complicated. Indeed, the cross section for charged Higgs boson production via the channel 
e~^e~ — i> H^H^ [10[ (although not particularly small at LEP2) yields a signal which 
is very hard to extract, because of the huge irreducible background in e+e~ — >• W^W~ 
events. In fact, on the one hand, the M.SSM. mass relations tell us (at tree-level) that 
Mh±'^ = Mw±'^ + Ma^ and, on the other hand, kinematic bounds dictated by the LEP2 
centre-of-mass (CM) energy imply that only scalars with mass Mh± ~ y/s/2 can be 
produced. Since the highest CM energy run scheduled for the CERN machine is at ^/s = 192 
GeV, this realistically means that only charged Higgses with Mh± ~ 90 GeV can have a 
sizable cross section at LEP2. Having at present the lower limit on the AiSSAi charged 
Higgs mass set at 85 GeV, this leaves only a small window at LEP2. Furthermore, in 
the above region, the and bosons are almost degenerate in mass, such that the 
differential distributions involving their decay products can hardly be useful in disentangling 
the two signals, especially considering that at y/s ~ 200 GeV the cross section for W~^W~ 
production is almost three orders of magnitude larger than that for ~0 ! The typical 
signature of a scalar would be most likely an excess of r events with respect to the rates 
predicted by the SJ^ {lepton universality breaking signal), as the lepton- neutrino decay 
channel has the largest branching ratio (BR). For small tan/5's, hadronic channels can be 
also considered together with the analysis of 'cascade' decays if^ — ^ W'^*h, W'^*A (with 
h,A^ bb). 

It is the purpose of this study to reanalyse the discovery potential of H"^ particles of 
the AiSSAi at the LEP2 machine at CM energies of not only 205 GeV but also higher, 
for example: ^/s = 210 and 215 GeV. We stress that increasing ^/s would generally bring 
some advantages in the above respect, and that a 10 GeV difference in y/s could be crucial 
to detecting charged Higgses of masses up to 100 GeV or so. 

•^In certain areas of the Supersymmetric parameter space Higgs particles can also decay into the SUSY- 
partners of ordinary particles, such as into invisible XiXi {CSV) pairs or via other modes involving charginos 
and/or neutrahnos 0, |^. 

''Note that the mentioned mass relation does not hold in non-minimal (NM) SUSY extensions of the 
SM., for which the only lower mass constraint comes from LEPl data, ~ 44 GeV In this context, 

LEP2 has a good potential for the charged Higgs boson discovery, especially for Mh± < Mw± [Q- 



First, the window in Mh± that could be explored would be larger. 



• Second, if a scalar with a mass significantly larger than that of the (say, by 
20 GeV) can be produced, then the different kinematics of their decay products (jet 
and leptons) can be fully exploited. In practise, particles arising from the H'^^s would 
have in the collider CM the same kinematics as in the decay frames of the scalars, 
whereas those coming from the ly^'s would have a significant boost. 

• Third, even compared to the rates at 205 GeV, increasing -^i up to 215 GeV would 
enhance the cross section of H^H^ production by a factor of four (for M^± ^ 100 
GeV), whereas that for the creation of W^W~ pairs would remain roughly constant. 

The motivations for considering a run at a CM energy larger than the highest one scheduled 
at present for LEP2, in view of a possible detection, could be justified by two scenarios 
that could well occur at previous energy stages. 

1. One or more Higgs bosons are discovered and these match the M.SSM. particle spec- 
trum (i.e., a h or/and an A scalar). In addition, the corresponding masses are so light 
that they are consistent with a value of Mh± just beyond the reach of = 192 GeV. 
For example, note that, for Ma ~ 60 GeV, the MSSM predicts ^ 55 — 60 GeV 
and Mh± ?s 100 GeV, but the corresponding H^H~ cross section is too small even at 
205 GeV |]. 

2. Some other M.SSM. signal is detected, and this is compatible with a charged Higgs 
boson around 100 GeV. For example, for h and A masses below 70 GeV (corresponding 
to Mh± ~ 106 GeV) and for relatively small tan/5, there are still (M^,tan/5) open 



windows for h, A neutralinos decays P, [TT 



If one of these two cases occurs, then it might be conceivable to put some more effort to 
increasing the discovery potential of a machine already existing, rather than to wait more 
years until the same Higgs mass domain can be covered by other machines (in particular, 
the LHC and the NLC). 

The possibility of running the LEP2 machine at CM energies of 205 GeV or more has 
been already studied in the context of the LEP2 Workshop |]I2[ (see also Ref. [0), even 



though the maximum CM energy stage approved to date by the CERN Council is 192 
GeV. (In particular, Ref. considered beam energies up to 104 GeV.) Indeed, a beam 
energy of 96 GeV (Phase IV) represents a clear 'turning point' in the 'LEP Energy Upgrade 
Programme', as beam energies larger than that would require an upgrade of the cryoplants 
(Phases X and Y) now in use at LEP, because of their limited cooling power. In this respect, 
however, we would like to stress that the three values a/s = 205, 210 and 215 GeV are all 
beyond the present so-called 'cryogenic limit', such that they would require the same kind 
of layout modifications and equipment fittings. Furthermore, we remind the reader the 



following statement in the LEP2 Proceedings (incidentally, precisely where the SA4 and 
the AiSSA4 Higgs sectors are compared to each other): "It could however be imagined 
that if a new particle were discovered, a substantial extension of the LEP2 project could 
be decided upon with the purpose of identifying this particle" fl^ . We push our attitude 



even further, by saying that if this particle is a AiSSAi one and this tell us that some 
more AiSSAi physics is just beyond the corner, such an extension could also well be in the 
direction of a further beam energy upgrade. In contrast, if none of the above options (i.e., 
1. and 2.) is verified, the prospect of LEP2 running at 205 GeV or above that would have 
no special meaning from our viewpoint. 

The plan of the paper is as follows. In Section 2 we describe our computational technique 
and give the values of the parameters used. In Section 3 we present and discuss our results. 
In Section 4 we draw our conclusions. 



2. Calculation 

Many analytical formulae exist to compute the total cross section for on-shell H^H^ pro- 
duction 0, |15]. In contrast, the literature on the off-shell production, followed by the 
decays of the two bosons (for example, into four fermions) is more limited. Thus, in car- 
rying out our analysis we have decided to recompute the matrix element for the 2 — 4 
process 

e+e- ^ H+H- ^ /1/2/3/4, (1) 
where /i, 2,3,4 represent generic fermions. To this end we have proceeded in the following 



way. First, we have used the helicity amplitude techniques described in Refs. [jT6|, |T^, |T8[ 
to produce a FORTRAN code computing the Feynman amphtude squared of process ([l|). 
Furthermore, this has been counter-checked against a second program built up by using the 
subroutines contained in the package HELAS [|19|, which indeed include scalar-fermion vertices 
(for the Goldstone bosons of the SAi), with the couplings rearranged to the values predicted 
by the AiSSAi. Finally, a third program implementing formulae obtained by using the 
textbook method of tracing the 7-matrices was also generated. The results obtained with 
the three different formalisms agree within twelve figures in REAL*8 precision. The matrix 
elements have been then integrated over the phase space and the distributions produced by 
resorting to a multidimensional integration making use of the Monte Carlo (MC) routine 
VEGAS [|^. Also to compute the rates for the SAi reaction 

e+e- ^ W+W- ^ /1/2/3/4 (2) 



we have proceeded as above. We are aware that a huge number of analytical, semi-analytical 
and numerical calculations are available in literature for reaction (2) |21]. However, to our 
purposes, it was more useful to have a handy program, constructed on the same footing as 



that for four-fermion production via H^H^ , with the advantage of offering a straightforward 
comparison between the rates of the two mechanisms (0)-(@)- 

Concerning the possible signatures of process (|I|) and one can expect 

H~ ,W^W~ ^ iiii, hadronic channel, (3) 

H^H^ ,W~^W^ —>■ iirUr, semi — hadronic (leptonic) channel, (4) 

H~ ,W~^W^ ^ TUrTUr, Icptoulc chauuel. (5) 

In the following, we will consider all of them. 

A few details now, concerning the numerical values of the parameters entering in the 
calculation. The numbers adopted are: Oem = 1/128, sin"^ 9w = 0.2320, Mz = 91.1 GeV, 
Tz = 2.5 GeV, Mw± = MzcosOw ^ 80 GeV and Tw± = 2.2 GeV, while for the fermion 
masses we have used = 1.78 GeV, rrij,^ = m„ = = 0, = 0.3 GeV and = 1.4 
GeV. The if^ mass has been computed using the tree- level relation Mjj± = M\ + M^± , 
as one-loop corrections are small [^. The width has been taken from Ref. 0. The 
strong coupling constant Og, which enters in the running masses of the quarks (for details, 
see Ref. when calculating H"^ cs decays, has been evaluated at the two loop order, 
with = 230 MeV, at the scale = g. 

To allow for large rates in the hadronic and semi-hadronic (leptonic) Higgs decay chan- 
nels, we have restricted our attention to the case of small values of tan/3, since for large 
values the H ^ cs channel becomes negligible. For reference, in presenting our results we 
will adopt the choice tan (3 = 1.50. Finally, for the mass of the charged Higgs boson we will 
use the value Mfj± ~ 100 GeV (that is. Ma = 60 GeV). However, we will generalise in the 
end our conclusions also to other values of the two M.SSJ^ parameters. 

A brief comment is in order before ending this section, concerning higher order cor- 
rections to processes (|l|)-(0). Many of these are well known in literature, in both cases 



23| , p^ . However, we have not included them in our analysis. In fact, on the one hand, we 
are interested in establishing effects (differences in total and differential rates between the 
two processes) whose relative magnitude must be well beyond the effects due to radiative 
corrections, in order to be detectable. On the other hand, higher order results can be easily 
incorporated (in the case of process (1)) or are already included (in the case of process (2)) in 
many of the calculations available in literature. In the very end, in fact, our results should 
be reproduced by the various event generators |^| that are in possess of the four LEP2 



Collaborations and which include all the above corrections, together with a simulation of 
the various detector and hadronisation effects, which are clearly beyond our capabilities. 



^Note that the tan/3 dependence of process (|l|) enters when considermg Higgs decays, since the rates of 
the on-sheh production depend only on Af^± . 



3. Results 



For the values that we have assumed for tan /3, Mh± and Mw± , the total cross sections for 
processes (l)-(2) are displayed in the upper sections of Tab. la, b and c (in correspondence 
to the three mentioned decay channels). The values of energies considered are ^/s = 205, 210 
and 215 GeV. From those numbers it is clear that, if no appropriate Higgs selection proce- 
dure is exploited, the chances of disentangling H^H~ signals from the enormous W^W~ 
backgrounds are practically nil: and this is true for all decay channels (0)-(|^) and CM ener- 
gies as well. Differences are dramatic in the four-jet channel, but these gradually diminish if 
the lepton-neutrino decays are selected. Nevertheless, at this stage, the H^H~ rates are at 
the most 12% of the W^W~ ones (this occurs at ^/s = 215 GeV for the leptonic signature). 
This is too little, further considering that in the TUrTUr channel invariant mass spectra for 
the decay products of the two bosons cannot be reconstructed because of the presence of 
two neutrinos. 

The relative statistical importance of the rates in Tab. I for the three channels (3)-(5) 
can be understood in term of the corresponding branching ratios (BRs) (see, e.g., Ref. 

jjjj) ~ 50%, (6) 
jjrz/.) ^ 14%, (7) 

^ TiyrTUr) ^ 1%. (8) 

In general, it has to be said that leptonic decays favour signals, whereas hadronic decays 
favour backgrounds, this behaviour being dictated by the interplay between the values 
of the fermion masses and tan/? in the scalar-fermion-fermion couplings. In fact, one gets 
that BR{H^ TVr)/BR{W^ rvr) ~ 7 and BR{W^ ]])/BR{H^ ^ jj) ^ 6. 

As mentioned in the Introduction, there are systematical differences in the kinematics of 
events of the type (l)-(2) that could help in extracting the signals out of the backgrounds. 

1. H^H^ production proceeds via the s-channel only, whereas W^W~ events can occur 
through t- and w-channels via the exchange of an electron neutrino, (i) As a conse- 
quence, in the latter case, one would expect to see in the spectrum of the angle of the 
boson(s) with respect to the beam a component peaking in the forward and/or 
backward direction. Indeed, it turns out that at LEP2 energies the contribution of the 
graph involving neutrino exchange is larger (by a factor of 2) than that of the graphs 
involving the triple gluon vertices •yW'^W' and ZW^W~ (for details, see Ref. ||26|). 
In contrast, in the former case, the angular distribution of the charged Higgs bosons 
should follow the sin^ 6 law typical of spin-zero particle production. 

^Assuming again the mentioned values of tan/3 and M^±. 



BR{H^H-^m\) 

BR{H+H- TUrTUr) 



1%, BR{W^W- - 

20%, BR{W+W^ 
63%, BR{W^W- 



2. Since the H"^ bosons are produced via process (1) practically at rest, the kinematics 
of their decay products only depends on the actual value of Mh± and retains most 
of the features that it would have in the rest frame. In contrast, the decay 
products suffer from a boost, dictated by the value of the difference -y/i — 2My^±. 
Hence, one expects that, for example: (ii) the two fermions coming from the same 
decay are back-to-back in the collider CM frame; (iii) their transverse momentum has 
a low maximum value. These features are not shared by W^W~ events. 

We notice that only in one of the three cases (3)-(5) the above quantities can be defined 
unambiguously. This happens for the semi-hadronic(leptonic) channel. In the cases of the 
hadronic and leptonic signatures this is no longer true. In the former case, in only one of 
the three possible two-jet combinations the particles would come from the same decay. In 
the latter case, the presence of two neutrinos prevents one even from reconstructing the 
four-vectors of the particles that decay, as only three four-momenta can be assigned (one 
for each of the r's and the one defined by using the missing energy and three- momentum). 
However, it is possible to remedy these two problems. Since the optimal solution depends 
on the signature considered, we treat separately the decays (3)-(5) in the three following 
subsections. Moreover, in the forthcoming Figs. 1-4, the cases (a), (b) and (c) will refer to 
the mentioned decays, in corresponding order, as in Tab. IQ. 

3.1 The hadronic channel 

In the case of the decays there is an effective strategy to adopt, in order to assign the 
right pair of jets to the parent H^: that is, to assume that the two quarks belonging to 
the same boson decay are those most far apart. In practise then, one can compute all the 
relative angles between the directions of the four jets and couple the two partons for which 
such an angle is largest. In contrast, the direction of any of the other two quarks from the 
other decay is distributed in a random way with respect to the previous two, such that 
only in a small corner of the phase space wrong assignments can occur. Naturally, what 
has just been said has also been done for W^W~ events. In this case, however, wrong 
assignments will be more frequent, because the boosts on the decay products tend to shrink 
their relative angle. 

Indeed, by looking at Fig. la, 2a and 3a, one realises that the correct assignment is made 
most of the times, as the variables plotted there largely retain the features that they would 
have if the tagging was straightforward]^. In detail, the angle of the reconstructed boson 
(i.e., 6*3) follows to a large extent the expected sin^ 6^ (for H^H^) and cos^ 6^ (for W^W~) 

^This has been done in order to facilitate the comparison among the various decay channels, at the cost 
of discussing the various figures in a different order respect to that in which they are plotted. Note also that 
distributions in Figs. 1-3 are normalised to unity, whereas those in Fig. 4 sum to the total cross sections. 

^Compare to Figs, lb, 2b and 3b for the semi-hadronic(leptonic) decays (see later on). 



laws (Fig. la). At the same time, the relative angle of the two reconstructed jets (i.e., 9s) 
belonging to the same H"^ decay tends to be distributed at small cosines, whereas for those 
from the is much more spread out. Finally, the spectrum in transverse momentum of 
the two jets (i.e., pr) is much softer in the former than in the latter case. 

It is then clear from the figures that a Higgs selection strategy appears evident. For exam- 
ple, one can impose the following kinematic cuts: | cos 1 < 0.60 (for all ^/s), plus cos^^fr< 
-0.88(-0.80)[-0.72] and pt < 24(34) [40] GeV, corresponding to = 205(210) [215] GeV, 
to enhance the signal content in four-jet events. Unfortunately, this does not help much 
in the end. In fact, although the background contributions are cut out by a factor of 
^ 24(14)11 at ^/s = 205(210) [215] GeV, whereas the signal reduction is only ^ 1.3 (at all 
energies), the cross sections of H^H~ events are too small to be observable, around three 
orders of magnitude smaller than those for W~^W~ pairs (lower section of Tab. la). This 
can be seen in Fig. 4a, which shows the invariant mass spectrum of the two jets selected 
(i.e., Mfj). The Higgs peaks are lost beneath the distributions of W^W~ events, which 
(incidentally) hardly show a peak at 80 GeV. 

3.2 The semi-hadronic(leptonic) channel 

In the case of the semi-hadronic(leptonic) channel the assignment of the right pair of 
fermions to the parent boson is straightforward. Therefore, the differential spectra do not 
suffer from any distortion and reproduce exactly the features expected for the quantities 
plotted in Fig. lb, 2b and 3b0. 

The Higgs selection procedure we adopt here is the same as was outlined in the previous 
section, as the behaviour of the various quantities are very similar in both cases. Contrary 
to hadronic decays, the final results in case of channel (4) are encouraging indeed. In fact, 
from Tab. lb (lower part), one can notice that after the kinematic cuts, the rates of H^H~ 
and W^W~ events are now comparable, for all energies. Moreover, on the one hand, the 
selection procedure is here even more effective than in the hadronic channel and, on the 
other hand, the absolute numbers are much bigger than before. The cross section for W^W~ 
has been reduced by a factor 1075(491) [336], whereas for H^H~ events the numbers are 
again 1.3 (for all y^'s). 

The invariant mass distributions of the two-jet pair (or equivalently, of the rz/^ pair, after 

the missing energy and three-momentum have been assigned to the neutrino) for case (4) 

are plotted in Fig. 4b. The bins there are 2 GeV wide. It is worth noticing that the curious 

shape of W^W~ events is simply an effect of the cuts, with no special physics meaning. In 

fact, the mass spectra before the cuts have 'shoulders' (where the rates steeply drop) exactly 

^Note that in Fig. lb both the angle and 6'_ (that is of the and W~ respect to, say, the electron 
beam direction) are plotted, even though their distinction is possible in case of semi-hadronic(leptonic) 
decays. 



where the 'spurious peaks' (those on the right in Fig. 4b) appear after the kinematic cuts. 
In fact, the latter strongly cut-off configurations around the mass, but not that much in 
regions further away. In the end (luckily enough), this leaves like a 'valley' precisely where 
the Higgs peaks clearly stick out, at all energies (and they would even if the actual mass 
resolution of the detectors will be much worse than 2 GeV: note the logarithmic scale in the 
figure) . 

3.3 The lep tonic channel 

The leptonic channel is probably the most complicated to select kinematically, because of 
the missing four-momentum due to the neutrinos. Nonetheless, the large decay rates of the 
Higgs scalars into pairs furnish an appealing starting point. In this case it is no longer 
possible to reconstruct pairs of particles from the same boson decay in any way. The only 
thing which can reasonably be done is to define the various variables by using the only two 
four-momenta that can be tagged. Therefore, in this case: is the angle of the system 
formed by the two r's respect to the beam directions; 9s is the angle between them; px 
their transverse momentum and Mg their invariant mass. 

No very distinctive features between the H^H' and W^W~ decays appear in the spec- 
trum of Fig. Ic, whereas some differences occur in Fig. 2c and 3c. The first plot somewhat 
resembles those of the channels (3)-(4), at least qualitatively. In fact, there is a sort of 
kinematic symmetry in the two decays of the bosons, with respect to each other, such that 
many of the phase space configurations occupied by a neutrino in one decay are also com- 
mon to a lepton in the other one. Fig. 2c tells us that, in events, whichever is 
the orientation of the r momenta, these tend to be aligned back-to-back by the boosts, as 
the two W^''s fiy apart after they are produced. In case of H^H~ decays, where no boost 
acts, the distribution is flat. Furthermore, spin effects also act in the same direction. The 
shape of the curves in Fig. 3c follows from that in Fig. Ic. In particular, the tendency in 
W^W~ samples of | cos^^bI being closer to one implies that the corresponding pt spectrum 
(proportional to | sin^^Bl) is soft, whereas this does not occur for H^H~ . 

Having in mind the behaviours outlined in Fig. Ic, 2c and 3c, we have attempted, as 
Higgs selection procedure, the one defined by the following requirements on the phase space: 
cos^^fj> —0.50 and px > 50 GeV, for ^/s = 205,210,215 GeV (the spectrum in cos^^b is no 
longer useful). The rates that follow can be appreciated in Tab. Ic (lower part). Though 
much less than in the two previous cases, the signal-to-background ratio has been improved. 
In detail, the cross section for W^W~ has been reduced by a factor ^ 5.4(5.6) [6.0], whereas 
for H^H~ events the numbers are ~ 1.9(1.9) [1.9], corresponding to \fs = 205(210) [215] 
GeV. 

Finally, the invariant mass spectra of the r^r^ pair is displayed in Fig. 4c. Since the 
energy of the leptons is more or less the same both in i?^ and VF^ decays (on average, 1/4 



of the total CM energy) and since the r's tend to be back-to-back in W^W~ events (see 
Fig. 2c), their mass distributions are always shifted towards high values, whereas this is not 
the case for the H^H~ sample (for which the cos6'ff distribution is flat). 



3.4 Non-resonant backgrounds 

So far we have not mentioned that there are graphs that can produce the final states jjjj, jji"//,- 
and tVt-tv^ via e^e~ annihilations without proceeding through H^H~ and W^W~ pair 
production and decay. These can be EW contributions (for all three final states) and QCD 
contributions as well (for the purely hadronic channel). In particular, the ZZ resonant 
EW diagrams (entering in the jjjj and tVt-tVj. signatures) could well be large, as the CM 
energies considered here are above the ZZ threshold. In contrast, those involving 7Z, 
77 intermediate states {t and u channel graphs) as well as single resonant contributions 
{s channel graphs) are always much smaller. QCD diagrams can be large, though their 
kinematics is very different from that of the H^H~ and W^W~ resonant contributions. 
Indeed, we expect the kinematic selections adopted here to largely reduce the rates of 
background events. 



We have calculated all these additional diagrams by using the libraries, and counter- 
checked (where possible) their outputs against the well-known results given in literature 
obtaining perfect agreement. After the signal selections adopted in this study and for the 
jjrz/,- and TVrTVr channels, the differences are at the level of percent or less, so that, e.g., 
including the new diagrams and interfering them with processes (1) and (2) hardly modifies 
the distributions in Figs. 4a,b and c and the number in the low sections of Tabs. la-c. In 
particular, we notice that the larger effects (up to 7%, at -y/i = 215 GeV) occur in the 
leptonic channel. However, these are confined in the low invariant mass region of Fig. 4c, so 
that a further cut in that region (e.g., Mg > 20 GeV) allows one to remove completely the 
background events, without affecting dramatically the H^H^ and W^W~ rates. In case 
of the jjjj channel differences can be larger (especially depending on the selection criteria 
of the QCD events). However this is not relevant for our analysis as the purely hadronic 
channel is useless to our purposes (see Fig. 4a and Tab. la). 



4. Conclusions 

We conclude our paper in a rather optimistic way: in order to disentangle from 
decays (within the framework of the AiSSA4), a higher energy option of LEP2 (beyond 
200 GeV) could be helpful. In fact, on the one hand, it is certainly impossible to resort to 
hadronic decays but, on the other hand, semi-hadronic (leptonic) and leptonic decays would 
offer chances of detection. This is especially true at 215 GeV and for the jjrz/^ channel. 
In this case, after an appropriate kinematic selection, the integrated cross section of signal 



events is only approximately 23% smaller than that of background events. The number 
increases to 33% at 210 GeV and to 40% at 205 GeV. In this case, one can also rely 
on the invariant mass spectra (of the pair of fermions coming from the same boson decay) 
to disentangle peaks, which should be clearly visible on top of the background. 
For leptonic decays, the only way to assess the presence of charged Higgs signals is to look 
for lepton universality breaking in r production. In this case, one gets an excess of events 
(with respect to the SM predictions) of the order of ft; 8(21) [36]%, corresponding to the 
CM energies ^/s = 205(210) [215] GeV. Fiirthcrmorc. for the leptonic signature, some signal 
effects could also be visible in the distributions in the invariant mass of the detectable r+r" 
pair. 

We also stress that changing the value of Mh± (in the range in which Higgs signals are 
produced with large cross section, say between 95 and 105 GeV, for i/i = 215 GeV) should 
not modify drastically the above conclusions. In contrast, the actual value of tan f3 is crucial, 
as the hadronic decay rates of the charged Higgs boson strongly depend on this parameter 
(the larger this is the smaller they are), especially because the semi-hadronic(leptonic) 
channel is the most promising one. In fact, for large values of tan/? only the fully leptonic 
signature would be exploitable. In this case, however, the H^H~ rUrTUr rates would 
be larger than those presented here. For example, for tan/? = 30, the branching ratio of 
charged Higgses into rz/^-pairs is practically 100% (against 79% at tan/? = 1.5), so that 
the H^H cross sections in Tab. Ic would be increased in the end by a factor k, 1.6, 
inducing an excess of TVrTVr events of the order of 13(33) [58]%. Also note that the key 
features of our analysis are not exploitable for hghter i?='='s (those producible at 192 GeV 
and below) , simply because their mass would be degenerate with that of the and most 
of the quantities we resorted to in the event selection would look identical in both the signal 
and the background. Furthermore, we add that the inclusion of the Initial State Radiation 
(ISR) should not modify the interplay between H^H~ and W'^W~ events, as in general it 
would not affect their relative rates. 

The crucial point seems to be in the end the number of H^H~ events on which one 
can rely. In the two detectable channels, the typical signal cross sections are between 1 
and 10 femtobarns (they are bigger at higher GM energies). Therefore, between 10 and 
100 inverse picobarns would be needed at 215 GeV to produce one signal per year. Since 
this is roughly the luminosity which is expected to be collected at the various energy stages 
(per experiment), we expect that after a few years of running at the higher energy options 
considered here something like ten charged Higgs events of the AiSSAi could be detected. 
Finally, before closing we would like to make two final considerations. 

Firstly, we remind the reader that we have carried out our analysis, which considers an 
increased LEP2 beam energy, under the assumption that this situation is conceivable only 
if the presence of SUSY signals was already established during runs at lower energies, with 
those indicating the existence of a charged Higgs with mass around 100 GeV (thus. 



beyond the reach of = 192 GeV). In other terms, one would be searching for something 
that he already knows is existing. Therefore, the extension of the LEP2 project that we have 
mentioned at the beginning could well be also finalised in accumulating as much luminosity 
as needed to assess the presence of the expected particle at the higher energies. 

Secondly, we warn the reader that our results come from partonic calculations. No 
hadronisation or detector effects have been taken into account. Not even Initial State 
Radiation was implemented. Therefore before being taken as conclusive, these should be 
confirmed by the experimental simulations, by means of MC event generators, which include 
all the above aspects. Even because, in doing so, the Higgs selection procedures that we 
have adopted could also be improved, yielding more interesting arguments to the issue that 
we have raised here. 

In the end, in the case that further upgrades beyond the '192 GeV limit' will be eventually 
considered by the CERN Council, we believe that our results should be kept into account 
when planning the activity of the machine at those new energy regimes. 
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Table Captions 

[I] Cross section in femtobarns for processes (l)-(2), in the channels: (a) jjjj, (b) jjri^T-, 
(c) TV-T-rVr] for three different values of CM energy, before (upper section) and after 
(lower section) the following cuts: (a) and (b) |cos^^b| < 0.60 (for all i/i), plus 
cos%< -0.88(-0.80)[-0.72] and pt < 24(34) [40] GeV, in correspondence of = 
205(210) [215] GeV; (c) cos^ff> -0.50 and > 50 GeV, for = 205,210,215 GeV. 
The errors on the cross sections are as given by VEGAS. 

Figure Captions 

[1] Differential distribution in cos6'b (see the text for the definition depending on the 
final state), for processes (l)-(2), in the channels: (a) jjjj, (b) jjrz/,-, (c) tUt-tu^; for 
three different values of CM energy, before any cut. Spectra are normalised to one. 
Continuous line: W~^W~] dashed line: H^H^. 

[2] Differential distribution in cos (see the text for the definition depending on the final 
state), W and H bosons, for processes (l)-(2), in the channels: (a) jjjj, (b) jjrz/^, (c) 
TUrTUT-] for three different values of CM energy, before any cut. Spectra are normalised 
to one. Continuous line: W~^W~] dashed line: H^H^. 

[3] Differential distribution in (see the text for the definition depending on the fi- 
nal state), for processes (l)-(2), in the channels: (a) jjjj, (b) jjrz/,-, (c) tUt-'t^t'i for 
three different values of CM energy, before any cut. Spectra are normalised to one. 
Continuous line: W~^W~] dashed line: H^H~ . 

[4] Differential distribution in (see the text for the definition depending on the final 
state), for processes (l)-(2), in the channels: (a) jjjj, (b) jjrz/^, (c) tu^tUt-] for three 
different values of CM energy, after the following cuts: (a) and (b) | cos 6*61 < 0.60 
(for all yi), plus cos0ff< -0.88(-0.80)[-0.72] and px < 24(34)[40] GeV, in corre- 
spondence of = 205(210) [215] GeV; (c) cos0ff> -0.50 and px > 50 GeV, for 
y/s = 205,210,215 GeV. Spectra are normalised to the total cross sections. Continu- 
ous line: W^W~\ dashed line: H^H . 
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